Introduction
Automotive emissions are among the major sources of local air pollution. The major pollutants emitted by motor vehicles include carbon monoxide (CO) and nitrogen oxides (NO x ). In OECD countries, car emissions account for 55% of CO and 36% of the ozonecausing NO x emissions. 1 Other automobile pollutants include hydrocarbons (HC) and particulate matter (PM), contributing 21% and 12% respectively to air emissions in OECD countries (OECD, 2007) . 2 Given the relatively large contribution of automotive emissions to overall air pollution, reducing the amount of emissions generated by motor vehicles can contribute significantly to improving local air quality.
There is a relatively limited body of literature that examines the links between environmental regulation and technological innovation and diffusion empirically. Earlier research on the induced innovation hypothesis used patent data in rather broad termseither by analysing the overall patenting activity or by environmental patenting in general (e.g. Lanjouw and Mody, 1996; Jaffe and Palmer, 1997; Brunnermeier and Cohen, 2003) . More recently, several studies adopted a more specific focus. For example, some studies explored the effects of higher energy prices on innovations in energy-efficient technologies for stationary sources (e.g. Popp, 2002) and mobile sources (e.g. Crabb and Johnson, 2007) . The study by Crabb and Johnson examines the effects of motor fuel prices on patent activity in the field of energy-efficient automotive technology. However, effects of environmental policy on technologies which are explicitly emission-reducing are not addressed. Few papers have studied innovation specifically related to air quality control (e.g. Taylor et al., 2003; Popp, 2003) , and those which exist have analysed innovation related to SO 2 and NO x regulations for stationary sources.
Finally, there are few available cross-country studies (e.g. De Vries and Withagen, 2005; Popp, 2006; Popp et al., 2007) . For example, Popp (2006) explored the effect of environmental regulations on both national and international technological innovation and diffusion in air pollution control for coal-fired power plants and found that domestic regulation plays a major role in fostering innovative activities in the home country. Johnstone et al. (2008) examined the role of domestic policy design on renewable energy patents for a broad crosssection of OECD countries. Popp et al. (2007) studied innovations in the pulp industry and found that foreign consumer pressure can be an effective means of inducing innovation.
One key difference between these industries is that the final product is traded in the case of the pulp and paper industry, so that consumer demand for environmentally-friendly paper can influence production across borders. In contrast, most electricity is not traded across borders, making domestic regulation more important. This paper examines patenting activity in automotive emission-control technologies for a cross-section of OECD countries in the period . We find that both domestic and foreign environmental regulations, as well as fuel prices, played an important role in terms of encouraging innovation with respect to the pollution emissions of motor vehicle technologies. However, the role played by these two factors depends very much on the type of technology induced. In particular, fuel prices have been key to the development of "integrated" abatement technologies, while regulatory standards have been more important for the development of post-combustion technologies. This result reflects the fact that innovation with respect to environmental technologies results in both private (i.e. increased fuel efficiency) and public (i.e. reduced emissions) benefits, while in the case of post-combustion technologies the benefits are purely public.
The structure of the paper is as follows. The next section discusses the different types of automotive emission-control technologies and introduces the data on patenting activity in this field, followed by a section providing an overview of the regulations of the automobile sector in the United States, Japan and Europe. The penultimate section presents the empirical analysis of the effects of regulations and fuel prices on patenting activity and the final section summarises the findings and concludes.
Technological innovation in automotive emissions control

Technology overview
Automotive emission-control technologies comprise all technologies that are used to reduce pollutants produced and released into the atmosphere by automobiles. Based on the point of emission, pollutants fall broadly into two categories: tailpipe (or exhaust)
emissions (e.g. CO, HCs, NO x , PM) and evaporative emissions (e.g. VOCs). Tailpipe emissions are produced as a by-product in the (imperfect) combustion of fuels to power the vehicle and are released from the vehicle's exhaust system. Evaporative emissions are produced as a result of the evaporation of fuel due to heating of the vehicle or release of vapour while refuelling.
There are four primary methods used to control tailpipe emissions: increasing engine efficiency, treatment of emissions emitted, increasing vehicle efficiency, or increasing driving efficiency. This paper is concerned only with innovations related to the former two types of technologies, namely those that increase engine efficiency and those that involve post-combustion devices. The latter two types of control methods depend on nontechnological aspects (e.g. driving techniques, levels of congestion) or on material improvements (e.g. light-weighting, aerodynamic design). Consequently, these issues are not considered here in this paper.
The type of pollutant and its volume are to a great extent determined by the type of vehicle engine installed (e.g. spark-ignition and diesel engines) and the type of fuel it uses.
While the different types of engines require different control technologies, the approaches can be broadly classified in two groups. Reductions in exhaust emissions can be achieved by i) (re)designing the engine or by changing conditions under which combustion takes place and ii) treating pollutants before they are released into the atmosphere (postcombustion). It is important to note that the impacts of engine design are not always exclusively environmental. For example, changes in engine design are often motivated by the objective to increase engine power or improve fuel efficiency, while also reducing exhaust emissions. Some emissions control requirements have also resulted in improved fuel quality and fuel efficiency.
Post-combustion technologies allow reaction with and treatment of the remaining emissions. Such technologies are an important component of emissions control strategies because reductions in the amount of pollutants generated due to advances in engine design, although continually improving, are generally considered insufficient to meet emissions goals. Table 1 contains a summary of the technologies that are covered in the analysis. 3 We focus on technologies that are specific to automotive emissions control, and for which well-defined patent classes exist. For a more extensive discussion see, for instance, OECD (2004).
Patent counts
Patents and patent statistics have been widely used as indicators of inventive performance of a firm or an economy (Griliches,1990 and OECD, 2008) . Patent data constitute a valuable source of information on the nature of the invention, containing discrete records which are categorised in specific technological fields.
The World Intellectual Property Organisation's (WIPO) International Patent Classification (IPC) system 4 is used to identify patent classes that match the automotive emission-control technologies as described above. The full list of IPC codes that deal with the purification of gases and emissions control in motor vehicles is given in the Appendix. These codes are broadly categorised into the two major technology groups identified above: 1) those that relate to improvements in engine (re)design; and 2) those that treat pollutants after they are produced but before they are released into the atmosphere.
Data on patent applications deposited at the European Patent Office (EPO) were extracted from the OECD Patent Database. 5 The data were then used to construct patent counts disaggregated by source country (country of origin of the inventor), priority year (the earliest year of application within a given patent family), and technology type. When interpreting the descriptive data it is important to bear the "home bias" in mind, with (for instance) German inventors much more likely to apply to the EPO than Japanese or US inventors. Oxygen, NO x and temperature sensors Provide feedback and increase competence of computerised control systems.
Fuel injection systems Inject fuel continuously through nozzles at each intake port, the rate of injection being controlled by varying the pressure supplied to the nozzles by an electric fuel pump. Sequential fuel injection systems fire at the optimal time during engine rotation and thus allow for better air-fuel mixtures and therefore better performance and fewer emissions.
Exhaust gas recirculation (EGR) valves Reduce NO x emissions by re-introducing exhaust gases into the fuel mixture and lowering exhaust temperatures.
Electronic control systems and plasmabased technologies
Measure the air-fuel ratio in the exhaust and control the ratio of air to fuel in the combustion mixture, as well as provide control of other features such as spark timing, exhaust gas recirculation, idle speed, air injection systems, and purging of evaporative canisters (e.g. on-board diagnostic (OBD) systems).
Crankcase emissions control Systems which include a crankcase vent port that requires closing the vent port and venting the crankcase emissions (the compressed gases that blow-by the piston rings in the crankcase mostly consisting of unburned or partly burned hydrocarbons) back into the air-intake system, instead of venting the blow-by gases into the atmosphere.
Post-combustion technologies
Catalytic converters and regeneration Devices placed in the exhaust systems capable of converting noxious emissions (CO, HCs and NO x ) into harmless substances (carbon dioxide, nitrogen and water vapour). A catalytic converter consists of a substrate providing a large surface area (a ceramic support with a wash-coat of (usually) aluminum-oxide) which is then layered with the catalyst (noble metals, like platinum, palladium, and rhodium, either singly or in combination). Catalysts increase the reaction rate between oxygen and emissions present in the exhaust, whose chemical reaction is otherwise too slow.
Bearing this in mind, Figure 1 gives the aggregate patent counts for vehicle emission control technologies for the 15 countries with the highest counts over the period (> 50 in total). Japan and Germany have the highest counts, followed by the United States.
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Environmental regulation in the automobile sector
There has been significant evolution in the key regulatory measures affecting the automobile sector. Given the tradability of vehicles and the relative importance of the US, Japanese and European markets we focus on regulations in these three regions. This section provides a brief overview of the relevant legislation. For a more extensive discussion of regulation and other strategies to reduce emissions from motor vehicles, see OECD (2004), Hascic (2006) , and De Vries and Medhi (2008) .
Emission standards
In response to environmental regulations introduced by a number of countries in the 1970s car manufacturers generally based their compliance strategies on the use of catalytic converters. In the early 1980s, some car manufacturers applied three-way catalyst in a closed-loop emissions control system using sophisticated electronic devices for controlling engine functions, while others relied solely on the use of three-way catalyst without these electronic devices (Bresnahan and Yao, 1985) .
The standards applied in the United States have generally had a "technology-forcing" character, with the introduction of performance standards that cannot be met with existing technology and as such have not been demonstrated in practice (e.g. Gerard and Lave, 2005) . "Technology-following" standards are less strict, and can be met with existing technology. It has been argued that European standards were primarily "technologyfollowing" (Faiz et al., 1996) . Table 2 summarises the development of standards for Japan, the United States and the European Union for HC, CO and NO x for petrol-driven vehicles. In sum, comparing the regulatory history of the three regions with respect to emission standards suggests that whereas the US and the EU regulations show a more gradual adjustment towards higher stringency levels, the Japanese standards were initially set at a relatively more stringent level and then remained more-less constant for a longer period of time. 10 The different temporal patterns of regulatory tightening, as well as the EU experience with joint standards for different pollutants (HC and NO x ), may have some implications for the nature of innovation. 
On-board diagnostic systems
In addition to the use of emission standards, public policy has increasingly focused on the development and implementation of on-board diagnostic (OBD) systems. In general, two generations of OBD systems can be distinguished. The OBD-I system makes use of electronic means to diagnose engine problems and to control engine functions, such as fuel and ignition. Sensors are also used to measure the performance of the engine as well Regulation tailored to OBD systems differs in nature from regulation that is explicitly directed towards reducing exhaust emissions. The "environmental" motivation for OBD regulation seems to have a more "technology-following" character. For example, the principal line of approach of OBD was on developing (general) improvements in engine performance and engine design, rather than on reducing emissions per se. The latter effects more-or-less came along with more advanced OBD systems. The policy implication of this is that the public motivation for OBD regulation came into being once these systems revealed their potential for environmental benefits, but only after they had already proven to be useful for "non-environmental" reasons (i.e. enhanced performance and diagnostics).
This makes the nature of OBD regulation different from regulation mandating the development and installation of catalytic converters. In the former case, there is a mix of private and social benefits, while in the latter case, the benefits are exclusively social.
Whereas post-combustion devices only generate environmental benefits at the "end-ofpipe", the environmental benefits from OBD systems could be classified as being complementary with other benefits, such as increased fuel efficiency and reduced maintenance costs. As discussed in Labonne and Johnstone (2008) , incentives for innovation in the two cases will be very different, with implications for policy design.
General market and policy conditions
Aside from public policy and fuel prices there are, of course, other important determinants of patenting activity for motor vehicle control technologies. Patent activity is clearly a result, in part, of national scientific capacity and general expenditures on research and development. In addition, the propensity of inventors from a particular country to patent is likely to change over time, both because different strategies may be adopted to capture the rents from innovation and because legal conditions may change through time.
As such, in the empirical model presented below, a variable was included reflecting overall patent applications filed across the whole spectrum of technological areas. This variable thus serves as a "trend" and "scale" variable in that it controls for the changes in general propensity to patent over time and across countries.
Empirical model and results
An empirical model is developed in order to evaluate the effects of environmental policy and other factors on patenting activity in the area of motor vehicle emissions. The following reduced-form equation is specified: Explanatory variables include a vector of proxies for regulatory performance standards (STD), and for OBD (OBD) standards. Separate dummy variables are included for each of three regions. These are assumed to have an impact on patent activity in all countries since the market for motor vehicles is globalised and since these three regions represent a significant share of the global market. Regulatory developments in these three regions are likely to have an influence on inventors in all countries. However, differences in the "regional" impacts of regulations introduced in one jurisdiction are examined in the models estimated.
In addition, a variable reflecting domestic fuel prices was included. Since diesel and gasoline prices are so highly correlated within countries, only the variable for gasoline prices (GASPRICE) was used for the estimation. This varies across the whole panel. Various lag lengths were tested, and in the best-fitting models presented below a lag of three years is applied. Lags (and leads) were also tested for the regulatory measures but had no
appreciable effect on the results. This is certainly due in part to their rather crude construction as dummy variables. For a given regulation, a lag (or lead) of one year will only change the value of a single observation for a given country.
And finally, total patent applications for all technology fields that were filed at the European Patent Office (TOTPAT) are included to reflect differences in the propensity to patent in different countries, general scientific capacity, and framework conditions for innovation. The inclusion of a variable reflecting the value added in the transport sector was included, but due to the high number of missing observations for the sector in the OECD STAN database it was not included in the final models.
Fixed effects ( i ) are introduced to capture unobservable country-specific heterogeneity. 12 All the residual variation is captured by the error term ( i,t ). A negative binomial model is used to estimate equation [1] (for details on count data models see, for example, Cameron and Trivedi, 1998; Maddala, 1990; Hausman, Hall and Griliches, 1984) .
Empirical results for the two technology groups are presented below. Due to the high degree of correlation between some of the policy dummies, some of these were dropped.
The results for integrated technologies (Table 4) indicate that fuel price (GASPRICE) has a positive and statistically significant (at the 1% level) effect on patenting activity. The results also suggest that higher patenting activity in general (TOTPAT) has a positive impact. However, the only regulations which have an effect on patent activity are the first OBD regulation (at the 5% level) and the Japanese OBD regulation (at the 1% level).
These effects may, of course, vary by region. As such, for those regulations which are statistically significant at the 5% level, variables are introduced which interact the regulations with regional dummies for Europe, North America and the Asia-Pacific region 
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and likelihood-ratio tests are conducted to determine the statistical significance of the model relative to the restricted case in which the impacts are assumed to be equal across regions. The results are presented below, and indicate that the OBD1 regulations had a greater impact in Europe and Asia-Pacific than in North America itself. This may reflect the fact that the American car sector had anticipated (and perhaps influenced) the regulation prior to its introduction. The regulation came as more of a "shock" to foreign manufacturers.
However, it should be noted that the regional interaction terms are not statistically different from one another. The Japanese OBD regulations (which came later) did not affect innovation in the North American market, but did have a positive and significant influence on innovation in the European and Asia-Pacific market.
Contrary to the above, the estimates given in Table 6 suggest that innovation for postcombustion technologies is primarily driven by environmental policy shocks. The coefficient for the price of gasoline is not significant. The coefficients of a number of regulatory standards (USSTD3, EUSTD1 and (almost) EUSTD2) are significant at the 5% level. The second US OBD regulation is also significant. Interestingly, in this case the variable TOTPAT is not significant, indicating that determinants of innovation for postcombustion technologies are distinct from the general determinants of innovation.
As with the previous case, region-specific interaction terms are introduced for those regulations which are significant at the 5% level. In this case the USOBD2 regulations affect innovation in Europe and Asia-Pacific, but not North America itself. The effects in the European and North American market are not statistically different. This may be for reasons similar to those hypothesised above concerning the effects of the 
Conclusions
Some innovations yield both private and public benefits (e.g. on-board diagnostics or fuel injection), while others yield only public benefits (e.g. catalytic converters). As such, one would expect to find that different factors are determinant in inducing innovation in the two cases. Drawing upon patent data, an analysis of patent activity in a cross-section of OECD countries for the period 1978-2005 was undertaken. On the one hand, it is clear that "foreign"
regulations have a significant impact on domestic innovation. For a globalised industry such as the car market this is hardly surprising. However, the finding that foreign regulations can have a greater influence on domestic innovation than domestic regulations is, perhaps, surprising. This might be explained by the important role played by "home" manufacturers in the development of domestic regulations. Since such measures are anticipated (and perhaps influenced) by domestic manufacturers to a greater extent than foreign manufacturers, the introduction of the regulation is not as much of a policy "shock", and its effect cannot be captured by a dummy variable of the kind used in this study.
On the other hand, in terms of the links between policy design and the nature of innovation induced, our results largely confirm our hypotheses. "Integrated" innovations which capture both private and public benefits are determined by gasoline prices and those policies which sought to encourage the use of technologies which yield both types of benefit. In addition, the general determinants of innovation in the economy (as proxied by total patent counts) are positively correlated with integrated innovations. Conversely, in the case of post-combustion technologies, it is primarily regulatory standards which drive innovation. Gasoline prices and the general rate of innovation have little influence. In effect, innovation efforts with respect to the attainment of environmental objectives are "hived off" from the influence of more general economic factors. 3. In general, abating pollution from vehicles must target both tailpipe as well as gas tank venting. While tailpipe emissions result from the combustion process, evaporative emissions can result even when the engine is idle. Technologies to control evaporative emissions require additional modifications, which are not necessarily related to engine design (e.g. capturing of vented vapours from within the vehicle, reducing refueling emissions). However, due to limitations in the patent classification system, this paper does not consider separately technologies which target evaporative emissions. 7. The NO x standards for diesel engines are the same as the standards that apply to gasoline, with the exception of the period since 1994. From that time on, diesel standards are a bit more lenient (1.0 g/mile for diesel versus 0.4 g/mile for gasoline). As of 1994, PM standards for gasoline have been set at 0.08 g/mile.
8. The diesel standard was tightened from 2.1 g/km to 0.63 g/km, compared with 0.67 g/km for gasoline engines.
9. The exception is in 2005 when the HC standard for diesel became more strict (0.024 g/km for diesel versus 0.05 g/km for gasoline).
10. On the other hand, prior to reaching the standards that were in place as of 1975, Japan gradually set more stringent CO, HC and NO x standards for gasoline vehicles in the period 1965-1975. APPENDIX I 
List of Selected IPC Patent Classes Relevant for Automotive Emissions Control
